Abstract. Sixty onion (Allium cepa L.) entries were evaluated for nonstructural watersoluble carbohydrates (NWSC) under high (4.0 meq·liter -1 ) and low (0.1 meq·liter -1 ) S nutrition. Significant differences were detected among entries for sucrose, fructose, glucose, total fructans, total NWSC, and soluble solids content (SSC). Sucrose, total fructans, and SSC were highly correlated with total NWSC although deviant NWSC concentration was detected. Since a significant S x entry interaction was found for all NWSC concentrations tested. selection should be conducted at S concentrations indicative of targeted production areas.
Bulb quality influences onion consumer acceptance. Preference for traits contributing to bulb quality depends on cultural demand and intended use (Jones and Mann, 1963; Rabinowitch, 1988) . Sweet, low-pungency onions have long been appreciated in the United States, and recent increases in demand have been accompanied by increased interest in growing and breeding these onions. For the sweetness in onions to be tasted, the dominant effect of pungency must be minimized. Pungency is minimized by growing cultivars with the genetic potential for low pungency on low-S soils.
Nonstructural water-soluble carbohydrates (NWSC), which contribute to sweetness in onions, are a major component of the bulb, ranging from 41% to 88% of the total dry weight (Bajaj et al., 1980; Darbyshire and Henry, 1979; Suzuki and Cutcliffe, 1989) . The major NWSC are sucrose, fructose, glucose, and fructans, a series of fructosyl polymers based on sucrose with varying degrees of polymerization (Bacon, 1957; Bose and Shrivastava, 1961; Darbyshire and Henry, 1978) . The type of NWSC that accumulates depends on location within the bulb (Darbyshire and Henry, 1978) . Fructans and sucrose are found in highest concentration in the center youngest leaves, near the true stem, whereas reducing sugars are highest in the older, outer leaf bases, near the top of the bulb. Bulb NWSC concentrations deviated little during the maturation period (Nilsson, 1980) . Onion cultivars differ in NWSC concentration and composition. As dry weight increased among 10 cultivars, fructose and glucose decreased, whereas sucrose and fructans increased (Darbyshire and Henry, 1979) . Reducing and nonreducing sugars Received for publication 11 Mar. 1991. Accepted for publication 15 Aug. 1991. The cost of publishing this paper was defrayed in part by the payment of page charges. Under postal regulations, this paper therefore must be hereby marked advertisement solely to indicate this fact.
varied among cultivars within a narrow range of dry-matter percentages (Bajaj et al., 1980) .
Commercial onions are normally grown on soils with sufficient S to provide the need for both growth and flavor precursor accumulation (Lancaster and Boland, 1988) . Sulfur nutrition, however, was shown to affect bulb yield and total dry-matter accumulation in onions. Paterson (1979) reported a 10% increase in bulb yield when plants were grown on a Texas fine sandy loam and fertilized with S at 5.5 kg·ha -1 compared to 1.8 kg·ha -1 . In another study, nutrient solutions deficient in S or with S at 0.05 meq·liter -1 reduced plant growth (Freeman and Mossadeghi, 1970) . Dry weight/plant was highest when S ranged between 0.1 and 1.0 meq·liter -1 in the nutrient solutions, but plant fresh weight (grams) and leaf growth (centimeters) was highest when S ranged between 1.0 and 3.0 meq·liter -l . In any event, low amounts of S were sufficient to sustain onion growth.
To facilitate the breeding of sweet, lowpungency onions for production on low-S soils, an understanding of the extent of variation for NWSC in onion germplasm would be useful. In addition, knowledge of how these sugars vary among onion germplasm in response to S nutrition would demarcate genotype x S interactions. This study was initiated to investigate how onion germplasm of broad genetic background responds to high and low S nutrition in NWSC accumulation.
An evaluation of NWSC was conducted on 34 U.S. plant introductions (PI) from the Northeastern Regional Plant Introduction Station, Geneva, N.Y.; on 24 accessions from the National Institute of Agricultural Science, Japan; and on two commercial cultivars. The germplasm was collected to represent a broad base of short-and intermediate-day types. However, upon growing, several of the PIs were long-day types. Seed of each entry were sown in Fafard #3 artificial medium (Fafard Corp., Anderson, S.C.) in plastic trays on 15 Dec. Plants were grown in a greenhouse under natural photoperiods and light intensities with night and day temperatures set at 16 and 28C, respectively. When the first true leaf emerged, seedlings were fertilized with half-strength Hoagland and Arnon (1950) solution. Seedlings were transplanted on 7 Feb. to 0.75-liter pots containing the same media. The experimental design was a split pot in three replications with five pots per replication. Sulfur treatments were main plots and entries were subplots. A full-strength Hoagland's solution with S at 4 meq·liter -1 was the high concentration; the low one was a modified Hoagland's solution with S at 0.1 meq·liter -1 . A S concentration of <0.1 meq·liter -1 has been shown to reduce growth by up to 50% in 'White Lisbon' (Freeman and Mossadeghi, 1970) . Magnesium chloride was substituted for magnesium sulfate in the modified Hoagland's solution. Sulfuric acid was the S source. The pH of both solutions was adjusted to 6.5 with NaOH. Plants were watered twice weekly with the nutrient solutions, supplemented with tap water as needed, and the pots were leached once a week. Sulfur concentration of the tap water was <0.05 meq·liter -1 . Plants were grown to maturity, characterized by a softening of the leaf sheath area and lodging of the foliage. Growth in the greenhouse was typical of field-grown plants.
Replications were considered harvestable when the foliage lodged on four of the five plants. The earliest entry was mature on 1 May and the latest one on 21 June. Irrigation was withheld and the plants were allowed to dry for 7 days before the bulbs were harvested and the foliage and roots severed. The bulbs were then cured in paper bags at ambient greenhouse temperatures for 7 days and stored at room temperature for 30 days before NWSC analysis.
Sucrose, fructose, glucose, and total fructans were determined by the modified methods of Blakeney and Mutton (1980) and Pontis (1966) . Samples were prepared by removing the dried outer scales, root plate, and neck of the bulbs. Five bulb samples were then quartered, added to equivalent weights of water, and blended for 60 sec in a Waring blender. The resulting pulp was squeezed through cheesecloth, and a sample of juice was double-precipitated in a barium hydroxide solution (57 g·liter -1 ) followed by a zinc sulfate solution (50 g·liter -1 ). A benzoic acid solution (3 g·liter -1 ) was added and the mixture was filtered through a Whatman no. 4 filter paper. Sucrose and total reducing sugars were determined before and after invertase digestion using p -hydroxybenzoic acid hydrazide. Total fructose (free fructose, fructose in sucrose, and fructose in fructans) was determined using 2-thiobarbituric acid. Total fructans were determined by first removing the interference of free fructose and fructose from sucrose. The samples were incubated with invertase. Sodium hydroxide was added and the solutions heated, thereby destroying the free fructose. Total fructans were then estimated using 2-thiobarbituric acid. Sucrose, fructose, and glucose were calculated in the following way: sucrose = total reducing sugars (TRS) with invertase -TRS without invertase; fructose = total fructose -fructose due to sucrose -fructose from fructans; glucose = TRS without invertase -calculated fructose. Total NWSC concentration was the sum total of sucrose, glucose, fructose, and total fructans. Soluble solids were determined with a hand-held refractometer on the combined expressed juice from the five-bulb sample.
Data were tested by analysis of variance (ANOVA) using the procedures of SAS (1985) . Significantly different means were separated by least significant difference at P = 0.05. A correlation matrix and a Spearman rank correlation for entries between S levels was calculated for all variables tested. ANOVA established significant differences ( P = 0.05) between S treatments for sucrose and glucose although average concentration differences were small. Average sucrose concentration was 3.84 g/100 g fresh weight with the high-S treatment compared to 3.78 g/100 g fresh weight with the low-S treatment. Average glucose concentration was slightly higher with the low-S treatment (1.95 g/100 g fresh weight) than with the high-S treatment (1.86 g/100 g fresh weight). Differences between S treatments for fructose, fructans, and total NWSC were nonsignificant. Highly significant differences ( P = 0.01) were found among entries for all variables tested. Total NWSC ranged from 20.1 g/100 g (PI168960) to 3.04 g/100 g fresh weight (JP20) with the high-S treatment and from 18.7 g/100 g (PI177244) to 3.08 g/100 g fresh weight (JP17) with the low-S treatment (Table 1) . These concentrations are representative of genotypic differences previously reported for dry-matter accumulation in onions, except for the lowest concentrations (Darbyshire and Henry, 1979; Darbyshire and Steer, 1988) . Concentrations below 4.5 g/ 100 g fresh weight are uncommon. Total NWSC were highly correlated with SSC (Table 2) . SSC has been correlated with drymatter percentage in onions (Mann and Hoyle, 1945; Nieuwhof et al., 1973) .
Sucrose ranged between 11.3 g/100 g fresh weight (PI168960) and 0.60 g/100 g fresh weight (JP21) with the high-S treatment and between 9.20 g/100 g (PI168961) and 0.37 g/100 g fresh weight (JP17) with the low-S treatment (Table 1) . This variation among entries with either of the S treatments was greater than previously reported for sucrose concentrations (Darbyshire and Henry, 1979; Suzuki and Cutcliffe, 1989) . Entries with higher and lower sucrose concentration were identified. Total fructans ranged from 8.90 g/100 g fresh weight (PI182138) to 0.09 g/ 100 g fresh weight (JP17) at the high-S treatment and from 7.92 g/100 g fresh weight (PI177244) to 0.06 g/100 g fresh weight (JP17) at the low-S treatment. These concentrations are representative for fructan concentrations previously reported (Darbyshire and Henry, 1979; Suzuki and Cutcliffe, 1989) . Fructan concentration has been correlated with total dry-matter percentage in onions (Darbyshire and Henry, 1979) . My data indicate that either total fructans or sucrose are highly correlated with total NWSC (Table 2 ). The higher the fructan or sucrose concentration in an entry, the higher the total NWSC concentration. There were exceptions to the association, however, which could allow a breeder to select for deviant sucrose or total fructan concentrations. For example, PI181008 and PI261768 had high sucrose concentrations for mid-level total NWSC entries with the high-S treatment. With the low-S treatment, PI261768 had a high sucrose concentration for mid-level total NWSC entries while PI249540 and PI414931 had high sucrose concentrations for low total NWSC entries.
Fructose concentration ranged from 3.52 g/100 g fresh weight (PI354092) to 0.05 g/ 100 g fresh weight (PI247067) with the high-S treatment and from 3.01 g/100 g fresh weight (PI430371) to 0.23 g/100 g fresh weight (PI274781) with the low-S treatment. Glucose concentrations ranged from 3.35 g/ 100 g fresh weight (PI251021) to 0.14 g/100 g fresh weight (PI177244) with the high-S treatment and from 3.11 g/100 g fresh weight (PI251021) to 0.30 g/100 g fresh weight (PI168960 and PI174019) with the low-S treatment (Table 1 ). This range of fructose and glucose concentrations was higher and lower than that previously reported (Suzuki and Cutcliffe, 1989) . Reducing sugar concentrations were also reported to be low in cultivars that contain a high percentage of dry matter (Darbyshire and Henry, 1979) . In my study, the correlations of fructose and glucose with total NWSC were poor, although highly significant (Table 2 ). For high total NWSC entries (>14 g/100 g fresh weight), fructose ranged from 0.23 g/100 g fresh weight (PI274781) to 1.88 g/100 g fresh weight (PI177244) with the low-S treatment and from 0.46 g/100 g fresh weight (PI174019) to 3.52 g/100 g fresh weight (PI354092) with the high-S treatment. Differences between many of the high and low total NWSC entries were nonsignificant for fructose concentrations. Similar results were found for glucose concentrations.
Monosaccharide concentrations in onion have been used as predictors of bulb storage life. Rutherford and Whittle (1984) indicated that high fructose concentrations in bulb scales at harvest would increase the storage life of 'Robusta'. This relationship may be cultivar specific. Of the entries evaluated in our study, PI430371 had the highest fructose concentration with the low-S treatment, but had an extremely short storage life (data not shown). Suzuki and Cutcliffe (1989) have also shown that the water-soluble carbohydrates are poor predictors for onions with medium to long storage life but may be useful in predicting cultivars with a very short storage life.
ANOVA also established significant differences ( P = 0.01) for the interaction between S and entry for all variables tested. Thirty-five of the 60 entries had higher total NWSC concentrations with the high-S treatment while 25 had higher concentrations with the low-S treatment (Table 1) . Fifteen entries had total NWSC concentrations that were nonsignificant for differences between the high-and low-S treatments. Certain entries, however, were greatly influenced by S nutrition. PI168960, PI249540, PI354092, and JP17 had much higher total NWSC concentrations with the high-S treatment than with the low-S treatment, while JP20, JP21, and JP22 had much higher total NWSC concentrations with low S than with the high-S treatment. In addition, entries with high NWSC concentrations were as likely to be affected by S treatment as were low-NWSC entries. Of the commercial cultivars tested, 'Granex 33' had significantly higher total NWSC with the low-S treatment while 'Rio Estrella' was unaffected by S treatment. Similar responses in the entry x S treatment interaction were found for sucrose, fructose, glucose, and total fructans. Spearman rank correlations were low but highly significant ( P = 0.01) for sucrose (r s = 0.56), fructans (r s = 0.33), and NWSC (r s = 0.43) for entries between S levels. Rank correlations were low and nonsignificant for fructose (r s = 0.27) and glucose (r s = 0.10).
Sulfur nutrition affected the concentration of total and individual NWSC in onion germplasm. Greater variation was found for sucrose, fructose, and glucose concentrations than previously reported. A significant S x entry interaction was found. Therefore, when selecting onions for total or individual NWSC, it is important that it be done at S concentrations indicative of targeted production areas.
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